The authors report the suppression of the off-state leakage current and subthreshold swing ͑SS͒ in inkjet-printed poly͑3-hexylthiophene͒ thin-film transistors with asymmetric work function source and drain electrodes. Indium tin oxide ͑ITO͒ material was used as source/drain electrodes and the source electrode was irradiated by KrF excimer laser. The dominant mechanisms for the suppressive I off could be attributed to the increase in the work function of ITO source irradiated by the excimer laser. Lower trap state density formed on the laser irradiated source electrode. Holes could be easily injected into the channel at small lateral electric field resulting in smaller threshold voltage and SS. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2743925͔
Organic thin-film transistors ͑OTFTs͒ are widely investigated by scientists because of potential advantages offered by the films such as easy processing, simple structure, and low process temperature. [1] [2] [3] Recently, several research groups have successively demonstrated prototype activematrix display, each pixel of which is driven by poly͑3-hexylthiophene͒ ͑P3HT͒ transistors. 4 The results of the experimental studies have drawn considerable attention due to ease of solution process and low cost of fabrication such as spin coating, dip coating, ink-jet printing, and rubber stamp printing of P3HT semiconductor layer. [5] [6] [7] In active-matrix display technologies, the pixel structure generally includes a single thin-film transistor ͑TFT͒ and one storage capacitor. 8 One of the criteria determining the driving OTFT in pixel is the leakage current that flows through the capacitor during off state. 9, 10 This phenomenon allows a capacitor to discharge and reduce its hold voltage. Aforementioned conditions influence brightness and contrast parameters of the display. In previous studies, one of the suppression methods of OTFT leakage current was to adopt different work function metal materials to serve as the source/drain electrodes. 11, 12 One of electrodes could form a Schottky barrier between metal and organic semiconductors that would decrease the carrier injection from metal to semiconductor, thus leading to low leakage current during off state as well as lower carrier mobility during on state.
In this letter, the KrF excimer laser was used to treat one of the indium tin oxide ͑ITO͒ source/drain electrodes of the OTFTs. After the treatment, the work function of ITO has increased. 13 Using the method described above, we were able to fabricate an OTFT device with different work function source and drain electrodes, which could effectively suppress the device leakage current, simplify the process, and maintain carrier mobility.
An ITO coated glass substrate was used for the experiments described in the study. ITO films were photolithographically patterned to serve as the gate electrodes of OTFT devices. A 300 nm silicon dioxide ͑SiO 2 ͒ layer, acting as the gate insulator, was deposited by physical vapor deposition onto the ITO substrate. Then, the ITO source-drain electrodes were deposited to form an electrode on the surface of the SiO 2 film through photolithography and etching, resulting in a channel that was 30 m long and 500 m wide, as shown in Fig. 1͑a͒ . In order to remove unintentional organic residue, the surfaces of the ITO electrodes and SiO 2 dielectrics were then cleaned using oxygen ͑O 2 ͒ plasma with power of 500 W at zero bias held at 3 min. After O 2 plasma cleaning, a metal mask was used to shadow one of the ITO electrodes, while the other ITO electrode was irradiated with a KrF excimer laser with pulse duration of approximately 50 ns. The wavelength of the laser was 248 nm. The laser irradiation was applied for 15 min, as shown in Fig. 1͑b͒ . The incident laser dose was equal to 26 mJ/ cm 2 ; the repetition rate was 50 Hz. Figure 1͑c͒ shows that the excimer laser irradiated electrodes and native ITO electrodes were marked as "A" and "B," respectively. Later, P3HT ͑regioregularity ϳ98.5%, purchased from Aldrich Chemical Co.͒ was dissolved in p-xylene with concentration of 0.25 wt % and then ink-jet printed on the substrate in air ambience to complete a bottom-contact OTFT, as shown in Fig. 1͑d͒ . The devices were later baked at 120°C for 1 h in a vacuum oven after the ink-jet printing process. Experimental conditions of gaspressure driven printing head were 150 m diameter syringe needle and 0.1 kg/ cm 2 -0.01 s pressure nitrogen to drop P3HT. Figure 2 shows the output characteristics ͑I DS − V DS ͒ of two OTFT devices, L1 ͑closed circles͒ and L2 ͑open circles͒. The L1 device had KrF excimer laser irradiated ITO source electrode marked as A electrode and native ITO drain electrode marked as B electrode. However, the type of the source and drain electrodes in L2 device is opposite to the type of the source and drain electrodes in L1, as listed in Table I . For comparison purposes, we fabricated L3 device with native ITO source and drain electrodes with the same structure that is included in Table I . As shown in Fig. 2 , the magnitude of I DS produced by the L1 device is significantly larger than that of the L2 device. In our previous report, 13 the ITO surface of the source, irradiated for 15 min, shows a reduction in the root-mean-square surface roughness ͑R rms ͒. The reduction of 0.17 nm was observed as compared to the nonirradiated ITO surface. The decrease in R rms of the ITO in L1 device may result in reduced trap state density between source and the P3HT layer. Therefore, an increase in injected I DS in the L1 device can be attributed to low trap density in P3HT/ITO interface. Consequently, the injection current I DS can be dramatically enhanced by excimer laser treatment method. Moreover, Fig. 2 reveals that a significantly enhanced I DS takes place at lateral electric field ͑V DS ranging from 0 to −60 V͒ for device L1. This result implies the formation of an ideal contact ͑Ohmic contact͒ at laser irradiated source/P3HT interface. Contrary, the L2 device has a nonideal contact at source/P3HT. Figure 3 shows a plot of the square root and logarithm of I DS as a function of V GS for these OTFTs. The L1 device with A/B serving as the source/drain shows better performance than other devices. By fitting the data to saturation regime ͑between −50 and −80 V of V GS ͒ standard field-effect transistor equations, the obtained electrical parameters including sat , threshold voltage ͑V th ͒, subthreshold swing ͑SS͒, and on/off ratio for all devices are listed in Table I . The sat of the L1 device is slightly better than the L2 and L3 devices. The similar sat for all devices indicated that the organic semiconducting materials themselves dominate the mobility in OTFTs. As we can see, the OTFTs with laser irradiated source electrode resulted in a drastic decrease of the SS and the V th for L1 device due to low trap density within the interface of P3HT and source. Moreover, the drain current does not seem to saturate at high gate bias due to some bias-stress effects, which cause a reduction in I DS over time. Interestingly, Fig. 3 shows that the off-state leakage current I off of L1 device is two orders lower than those of L2 and L3 devices under depletion mode measurements for the gate potential ranging from 1 to 60 V. These depletion mode measurements were used to characterize I off variations at the source side under the drain potential of −60 V with respect to source in the output and transfer characteristic measurements. Lower value of I off variations could be observed at reverse biases, while slight I off increase occurred at V GS Ͼ 55 V for the L1 device. To clarify the suppression I off originating from the effect of KrF laser irradiation on ITO or SiO 2 , two top-contact P3HT OTFTs were fabricated on n-type Si substrate with 300 nm SiO 2 dielectric. One device has laser irradiated SiO 2 ; the other has native SiO 2 . Heavily doped n-type Si wafer was used as a substrate for the convenience of the OTFT process, since the heavily doped substrate served as the gate electrode of the OTFT devices. Silver was chosen to form the source and drain electrodes. The transfer characteristics of these two devices ͑data not show͒ are almost the same to result in the similar on-off ratio, threshold voltage, mobility, and subthreshold swing. The saturated I off originates from local electrons located at the vibration states near the highest occupied molecular orbital ͑HOMO͒ of P3HT and accumulated at the channel/bottom oxide interface near source under reversed biases. To investigate the mechanism of the improved performance for the L1 device, the HOMO of P3HT and the work functions of A and B electrodes were measured by photoelectron spectrometer ͑AC-2, Riken-Keiki Co.͒. The lowest unoccupied molecular orbital of P3HT was determined using the optical gap of 1.7 eV, as determined from optical absorption. Detailed band diagram of the L1 device is presented in Fig. 4 . The ITO surface of the source irradiated for 15 min shows an increase in work function by 0.7 eV. Because of high source/ channel barrier induced by KrF excimer laser irradiation and electrons under the condition of reversed gate bias, the lowest I off value was obtained in the L1 device. For OTFTs, the device switching performance proportional to the square of channel length 13 decreases rapidly along with decrease in channel length. However, the switching performance of the device with excimer laser irradiated source was two orders higher than normal device even with a short channel length. This is an important factor for miniaturization of organicbased TFTs.
In summary, this study demonstrates innovative OTFTs with asymmetrical work function electrodes created by KrF excimer laser irradiation. The increase of work function and reduction of surface roughness in ITO source electrodes were achieved using KrF excimer laser, which plays a positive role in enhancing on/off ratio and reducing subthreshold swing of OTFTs. Moreover, high electrode/channel barriers created by excimer laser irradiation could block local electrons, accumulated at the channel/gate dielectric interface near the source. The barriers played an important role in lowering the I off value by up to two orders in the reversed mode measurements. Furthermore, we would like to note that treatment method of KrF excimer laser plays an important role in minimizing the size of OTFTs.
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